ABSTRACT BACKGROUND: Fragile X syndrome (FXS) is the most common type of mental retardation attributable to a singlegene mutation. It is caused by FMR1 gene silencing and the consequent loss of its protein product, fragile X mental retardation protein. Fmr1 global knockout (KO) mice recapitulate many behavioral and synaptic phenotypes associated with FXS. Abundant evidence suggests that astrocytes are important contributors to neurological diseases. This study investigates astrocytic contributions to the progression of synaptic abnormalities and learning impairments associated with FXS. METHODS: Taking advantage of the Cre-lox system, we generated and characterized mice in which fragile X mental retardation protein is selectively deleted or exclusively expressed in astrocytes. We performed in vivo two-photon imaging to track spine dynamics/morphology along dendrites of neurons in the motor cortex and examined associated behavioral defects. RESULTS: We found that adult astrocyte-specific Fmr1 KO mice displayed increased spine density in the motor cortex and impaired motor-skill learning. The learning defect coincided with a lack of enhanced spine dynamics in the motor cortex that normally occurs in response to motor skill acquisition. Although spine density was normal at 1 month of age in astrocyte-specific Fmr1 KO mice, new spines formed at an elevated rate. Furthermore, fragile X mental retardation protein expression in only astrocytes was insufficient to rescue most spine or behavioral defects. CONCLUSIONS: Our work suggests a joint astrocytic-neuronal contribution to FXS pathogenesis and reveals that heightened spine formation during adolescence precedes the overabundance of spines and behavioral defects found in adult Fmr1 KO mice.
Fragile X syndrome (FXS) is the most frequent form of inherited mental retardation, affecting approximately 1 in 4000 males and 1 in 6000 females of all races and ethnic groups (1) . Patients with FXS display a wide spectrum of phenotypes, including moderate to severe mental retardation, autistic behavior, macroorchidism, predisposition to epileptic seizures, and facial abnormalities (2) (3) (4) . They also experience huge social challenges, placing a great economic and emotional burden on their families. Nearly all FXS cases are caused by a trinucleotide repeat expansion in the X-linked FMR1 gene, which silences its transcription and abolishes the expression of its protein product, fragile X mental retardation protein (FMRP) (5) . FMRP regulates the transportation and translation of messenger RNAs (mRNAs) that are important for dendritic growth, synapse development, and plasticity (6) .
Spine morphology and density are paramount to synaptic function and connectivity (7, 8) . In vivo imaging studies on global Fmr1 knockout (KO) mice reveal elevated spine dynamics along apical dendrites of layer II/III and layer V pyramidal neurons in motor and barrel cortices at various ages, suggesting that the absence of FMRP reduces the stability of synapses (9) (10) (11) . Furthermore, in both patients with FXS (12) and adult global Fmr1 KO mice (13, 14) , the density of long and thin spines on apical dendrites of cortical pyramidal neurons is abnormally high, reminiscent of the abundance of immature spines found during early development (15) . Thus, it has been hypothesized that the absence of FMRP causes abnormalities in spine development, which in turn alter synaptic connectivity and ultimately result in behavioral impairments, including learning defects (14) .
The aforementioned spine phenotypes have elicited copious research on the neuronal mechanisms of FXS (16) . However, little is known regarding the contribution of nonneuronal cells in the brain, for example, glia, to FXS pathogenesis. As the most abundant glial cells in the mammalian brain, astrocytes modulate synaptic structure and function and are implicated in many neurodevelopmental diseases (17) . Although FMRP expression among individual cell types in the human brain has not been examined, FMRP has been found in astrocytes of the mouse brain (18) (19) (20) , which suggests a possible astrocytic role in FXS pathogenesis. In support of this notion, culturing wild-type neurons with Fmr1-deficient astrocytes leads to the development of abnormal dendritic morphologies, reduces synaptic protein clusters, and increases levels of extracellular glutamate (19, 21) . These studies provide evidence that astrocytic FMRP is vital to the development of neurons and synapses in vitro. However, the contribution of astrocytes to the progression of dendritic spine and behavioral defects in FXS in vivo remains elusive.
METHODS AND MATERIALS Experimental Animals
The tdTomato mice were purchased from Jackson Laboratory (Bar Harbor, ME). All mice were backcrossed with C57BL/6 mice more than 10 generations to produce congenic strains. Male mice were used in all experiments.
Cortical Astrocyte Culture and Immunocytochemistry
The protocol to prepare primary astrocyte cultures has been previously described (22) . Detailed procedures of culture preparation and immunocytochemistry are described in the Supplemental Methods.
Immunohistochemistry for Cortical Sections
Mice were transcardially perfused with 4% paraformaldehyde fixative in 0.1 mol/L phosphate-buffered saline (PBS). Brains were postfixed in 4% paraformaldehyde fixative/PBS overnight at 41C and cryoprotected in 30% sucrose. For most experiments, 40-μm brain sections were used. Sections were permeabilized and blocked with 0.5% Triton X-100 and 10% normal goat serum/PBS, then incubated with the following primary antibodies in 0.5% Triton X-100/PBS at 41C overnight: rabbit anti-S100β (1:1000; Cat. no. Z0311; DakoCytomation, Carpinteria, CA), mouse anti-NeuN (1:2000; Cat. no. MAB377; Millipore, Darmstadt, Germany), rabbit anti-Olig2 (1:500; Cat. no. AB9610; Millipore), goat anti-Iba1 (1:100; Cat. no. ab5076; Abcam, Cambridge, United Kingdom), or rabbit anti-glial fibrillary acidic protein (GFAP) (1:500; Cat. no. Z0334; DakoCytomation). For FMRP colabeling, 25-μm sections were incubated in 10 mmol/L sodium citrate (pH 6.0) with 0.05% Tween-20 at 851C for 20 minutes, followed by 30 minutes in blocking solution (0.01% Triton X-100, 5% goat serum, 1% bovine serum albumin) at room temperature. Sections were labeled with mouse anti-FMRP 2F5-1 (1:1; Developmental Studies Hybridoma Bank, Iowa City, IA) and rabbit anti-NeuN (1:500; Cell Signaling Technology, Danvers, MA) at 41C overnight. Sections were then incubated with Alexa Fluor 488-and 594-conjugated secondary antibodies (1:1000; Life Technologies, Carlsbad, CA) in 10% normal goat serum/PBS for 2 hours at room temperature for fluorescence imaging or with biotinylated secondary antibody (1:400; Vector Laboratories, Burlingame, CA), avidin-biotin complex (Vector Laboratories), and diaminobenzidine (Vector Laboratories) for bright-field imaging. Sections were mounted with Fluoromount-G mounting medium (Southern Biotechnology Associates, Inc., Birmingham, AL) or Vectashield hardening mounting medium (Vector Laboratories).
Western Blot
Cortical tissues were dissected from adult mice and homogenized in ice-cold radioimmunoprecipitation assay lysis buffer containing protease inhibitors (Roche, Basel, Switzerland). Nuclei were pelleted by centrifugation at 15,000 rpm, 41C, for 15 minutes, and the supernatant was denatured in 2X Laemmli buffer. Cultured astrocytes were directly lysed and denatured in hot 2X Laemmli buffer. Denatured lysates were electrophoretically separated by a sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Hercules, CA). The following primary antibodies were used at 41C overnight: mouse anti-FMRP 2F5-1 (1:1; Developmental Studies Hybridoma Bank), mouse anti-tubulin (1:5000; Cat. no. 8328; Sigma-Aldrich, St. Louis, MO), and rabbit anti-actin (1:1000; Cat. no. A2066; Sigma-Aldrich). Horse radish peroxidase-conjugated secondary antibody (anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G; 1:5000; Cell Signaling Technology) was used for detection. All images shown are representative of at least three replications.
Fluorescence-Activated Cell Sorting Purification of Astrocytes and Quantitative Reverse-Transcriptase Polymerase Chain Reaction
Acute isolation of astrocytes from postnatal day 30 to 50 (P30-50) mice by immunopanning and fluorescence-activated cell sorting was adapted from previously established protocols (23, 24) . RNA was extracted from sorted astrocytes and prepped for reverse-transcriptase polymerase chain reaction. Details on the procedures are described in the Supplemental Methods.
Optical Imaging and Image Analysis for Brain Sections and Cultured Cells
Bright-field images were collected on a Zeiss Axio Imager.M2 microscope with either a 20X/NA 0.8 objective or a 40X/NA 1.4 oil-immersion objective, using the AxioVision software (Zeiss, Oberkochen, Germany). Confocal images were acquired on a Leica SP5 confocal system with either a 20X/NA 0.75 objective or a 63X/NA 1.4 oil-immersion objective (Leica, Wetzlar, Germany). Imaging settings were identical between samples in which fluorescence intensity was analyzed. Astrocyte number and morphology were analyzed from bright-field images using Stereo Investigator (MBF Bioscience, Williston, VT 
In Vivo Transcranial Imaging and Spine Data Analysis
Transcranial two-photon imaging and data analysis were performed as described previously (25, 26) . The number of mice used in each experiment is indicated in the figures and Supplemental Tables S1 and S2. All images were analyzed using ImageJ (National Institutes of Health, Bethesda, MD). Percentage of spines eliminated/formed was calculated as the number of spines eliminated/formed over the total spines counted in first-time images. Spine density was calculated by dividing spine numbers with dendritic length. Spines were classified into four categories-mushroom, stubby, thin, and other spines-based on their lengths and head diameters using previously published criteria (27) . A spine is classified as a mushroom spine if the width of spine head w h . 2w n (the width of spine neck); as a stubby spine if the length of spine l , 0.5 μm without spine neck; and as a thin spine if l . 0.5 μm and w h , 2w n . Spines with irregular morphology or pointing toward/away from the imaging plane are classified as others. Spine head diameter and spine neck length analysis were conducted as previously described (28, 29) . One-way ANOVA was performed for spine dynamic and spine density analyses, whereas two-way repeated-measures ANOVA was used for spine category analysis. Both were followed with Holm-Sidak post hoc multiple comparisons test. Data are presented as mean 6 SD. Kolmogorov-Smirnov test was used to compare spine head diameter and spine neck length.
The Single-Pellet Reaching Task
We followed the previously described single-pellet reaching task protocol (25, 30) . The detailed procedure is described in the Supplemental Methods. Two-way ANOVA followed by Holm-Sidak post hoc multiple comparisons test was used to analyze the animal's reaching successes. Data are presented as mean 6 SEM.
RESULTS

Generation and Characterization of AstrocyteSpecific Fmr1 KO Mice
To explore astrocytic contributions to the neuropathology of FXS, we selectively deleted the Fmr1 gene in astrocytes using a Cre-loxP recombination system. Because the mouse astrocytic GFAP promoter (mGFAP-Cre) has been shown to drive Cre expression postnatally in astrocytes (31-33), we crossed mGFAP-Cre mice with mice containing a floxed Fmr1 gene , or astrocyte-specific Fmr1 KO mice. To determine the efficiency and specificity of mGFAP-Cre-mediated recombination, we also crossed mGFAP-Cre mice with a tdTomato reporter mouse line (R26 tdTomato ) and characterized the tdTomato-positive cells in the cerebral cortex ( Figure 1A -C). In the motor cortex, we found that in the superficial layers of the cortex encompassing our in vivo imaging region (200 mm within pia surface), approximately 98% of tdTomato-positive cells coexpressed the astrocytic marker S100β and 90% of S100β-labeled cells were tdTomato positive. In contrast, less than 1% of neurons (NeuN-positive), oligodendrocytes (Olig2-positive), and microglia (Iba1-positive) were tdTomato positive ( Figure 1C ). In deeper cortical layers, some of the S100β-positive cells failed to be labeled by the reporter, resulting in 75% of S100β-positive cells that are tdTomato-positive across all cortical layers (Supplemental Figure S1 ). These results suggest that Cre-mediated recombination occurs selectively and efficiently in cortical astrocytes.
In order to examine FMRP expression in astrocytes, we cultured cortical astrocytes from P4-5 mice of all genotypes (22) . Immunocytochemistry revealed that all cultured cells expressed the astrocyte-specific markers S100β and ALDH1L1 ( Figure 1D ), and FMRP was absent from the cytoplasm of cultured astrocytes derived from ;mGFAP-Cre 1 mice ( Figure 1F ). Because cultured astrocytes may not reflect their in vivo state, we sought to directly examine Fmr1 expression in vivo. Unfortunately, because of the inherently low FMRP levels in astrocytes compared with neurons (19) , in situ FMRP examination by standard immunohistochemical staining is not feasible. Therefore, we measured Fmr1 mRNA transcript levels in astrocytes isolated acutely from adolescent mice (P30-50). To do so, we crossed Fmr1 fl/y and Fmr1 fl/y ; mGFAP-Cre 1 mice with S100β-GFP mice [a mouse line that selectively expresses GFP in astrocytes (35) ] and isolated GFP-positive cells using fluorescence activated cell sorting (23, 24) . We found that sorted cells were enriched for the astrocytic marker Aqp4, but did not express the neuronal marker Syt1 or the oligodendrocyte marker Mog ( Figure 1G ). Importantly, reverse-transcriptase polymerase chain reaction examination revealed that astrocytes sorted from Fmr1 fl/y ; mGFAP-Cre 1 ;S100β-GFP mice did not express Fmr1 mRNA ( Figure 1H ), in contrast to astrocytes sorted from Fmr1 1/y ; S100β-GFP and Fmr1 fl/y ;S100β-GFP mice. These results corroborate our findings in cultured astrocytes and provide in vivo proof that FMRP expression is selectively abolished in cortical astrocytes of Fmr1 fl/y ; mGFAP-Cre 1 mice. Next, we examined neuronal FMRP expression of astrocyte-specific Fmr1 KO mice by immunohistochemistry. We found that nearly all (99.9%) NeuN-labeled cells coexpressed FMRP in the cortex of ;mGFAP-Cre 1 mice are also impaired in motor-skill learning, we trained mice with the single-pellet reaching task (25, 30) . We found that success rates on the first day of training were comparable among adult (.4 months old) Fmr1 -/y mice failed to do so ( Figure 3A) . Therefore, Fmr1 deletion in astrocytes alone suffices to impair motor-skill learning. In vivo imaging studies have shown that baseline spine dynamics predict song learning capability in birds (36) , and spine dynamics in the rodent motor cortex directly correlate with learning outcome (25) . Therefore, we investigated spine dynamics in the motor cortex of FMRP-deficient mice. To visualize dendritic spines in vivo, we bred mice of all genotypes with YFP-H line mice, which express cytoplasmic yellow fluorescent protein (YFP) in a subset of cortical layer V pyramidal neurons (37) . We found that baseline rates of spine formation and elimination along apical dendrites of layer V pyramidal neurons in the motor cortex were comparable among adult Fmr1 Figure S2) . It is worth noting that the spine density observed in Fmr1 -/y mice was significantly higher than that in Fmr1 fl/y ;mGFAP-Cre 1 mice, implying that the global loss of FMRP exacerbates the salient spine phenotype. These results reveal that silencing Fmr1 selectively in astrocytes contributes to both synaptic and learning defects in adult mice.
Deletion of Fmr1 in Astrocytes Heightens Spine Formation During Adolescent Development
Noting the resemblance of immature spines in patients with FXS to those observed during early development, researchers have hypothesized that Fmr1 silencing leads to defects in spine pruning (i.e., net loss of spines) (14) . Having shown that adult astrocyte-specific and global Fmr1 KO mice exhibit significantly more immature spines, we next investigated whether this phenotype was due to defective spine pruning. We imaged spines in the motor cortex of adolescent mice between 4 and 6 weeks old, an age typically associated with a substantial reduction in spine number (29) . We found that the density and morphology of dendritic spines were comparable among with the single-pellet reaching task ( Figure 4B) . Surprisingly, the extent of baseline spine loss over various intervals (i.e., 1, 4, or 16 days) was also similar among Fmr1 Figure 4C, D) . The disparity between the generation and removal of spines led to a net difference in total spine numbers on day 4, measured as a percentage of spine number on day 0 ( Figure 4F) . Dendrites in the developing mouse cortex also harbor filopodia. Filopodia are long thin protrusions without bulbuous heads; they are presumably the precursors of dendritic spines (38) . We found that filopodia exhibited normal density, daily turnover, and conversion rate to spines (data not shown), indicating that excess spine accumulation is not due to overproduction or altered dynamics of filopodia. Together, our results suggest that selective silencing of Fmr1 in astrocytes causes overproduction of spines during adolescence, which is not compensated by spine pruning. Furthermore, the abnormalities in adolescent spine dynamics precede behavioral impairments in adulthood.
Generation of Astrocyte-Specific Fmr1 Rescue Mice
Selective astrocytic restoration of the Rett syndrome gene Mecp2 in global MeCP2-deficient mice has been shown to significantly improve various behavioral and neuronal abnormalities associated with Rett syndrome (39) . Therefore, we sought to determine whether exclusive FMRP expression in astrocytes alone could rescue defects in spine development and brain function. To do so, we crossed mGFAP-Cre mice with mice harboring an Fmr1 gene in which a neomycin selection cassette is flanked by loxP sites in the first intron (Fmr1 neo ) (34) . Western blot and immunohistochemistry studies were performed to characterize neuronal and astrocytic FMRP expression in Fmr1 neo/y and Fmr1 neo/y ;mGFAP-Cre 1 mice. We found that perturbation of the Fmr1 gene with a neomycin selection cassette (Fmr1 neo/y mice) induced a dramatic reduction in total FMRP expression (17.7% of Fmr1 Figure 5A ). This net increase in total cortical FMRP levels in Fmr1 neo/y ;mGFAP-Cre 1 mice was specific to restoration of FMRP expression in astrocytes because mGFAP-Cre-mediated recombination increased astrocytic FMRP levels by about fourfold in comparison to Fmr1 neo/y mice ( Figure 5B ). Furthermore, immunohistochemistry data revealed that neuronal FMRP expression in Fmr1 neo/y ;mGFAP-Cre 1 mice was identical to that in Fmr1 neo/y mice, with both genotypes showing 26.1% of the neuronal FMRP signal displayed by Fmr1 1/y mice ( Figure 5C, D) . Overall, these results confirm that FMRP expression is selectively restored in astrocytes of Fmr1 neo/y ; mGFAP-Cre 1 mice, whereas neuronal FMRP expression is significantly depressed in both genotypes. Astrocytic Contributions to Fragile X Syndrome
Astrocytic FMRP Expression Alone Is Insufficient to Rescue Most of the Spine and Motor Learning Deficits
Despite low levels of neuronal and astrocytic FMRP expression in the brains of Fmr1 neo/y mice, these mice displayed heightened spine formation during adolescence, recapitulating the spine phenotype observed in both global and astrocytespecific Fmr1 KO mice ( Figures 4D, E, 6A, B) . This suggests that global knock down of FMRP expression is sufficient to elicit FXS pathologies and that normal FMRP expression levels are required for proper brain function. However, re-expression of astrocytic FMRP in the Fmr1 neo/y background did not correct the abnormal spine production in adolescence ( Figure 6A, B) . As a consequence, spine densities, particularly thin spine densities of adult Fmr1 neo/y ;mGFAP-Cre 1 and Fmr1 neo/y mice, were significantly higher than that of adult Astrocytic Contributions to Fragile X Syndrome adulthood ( Figure 6E ). Together, these data suggest that Fmr1 expression in nonastrocytic cells (e.g., neurons and possibly other cell types) is also required for normal spine dynamics and motor learning.
DISCUSSION
Our study, for the first time, reveals in vivo the contribution of astrocytes to the development of spine abnormalities and behavioral defects in FXS. We showed that loss of FMRP in astrocytes leads to increases in spine production along apical dendrites of layer V pyramidal neurons in the motor cortex of adolescent mice. This increase in spine formation occurs at a time when neuronal circuits in the motor cortex are normally being refined through the pruning of synaptic connections and results in supernumerary morphologically immature spines in adulthood. Furthermore, motor-skill training failed to promote spine turnover in the motor cortex of astrocyte-specific Fmr1 KO mice, paralleling the animal's inability to learn the motor task during adulthood. In response to several neurodevelopmental and neurodegenerative diseases, as well as central nervous system injury, astrocytes are known to undergo morphological alterations, including hypertrophy of the cell body and processes (17, 40) . However, in vivo data for astrocyte morphology in FXS are few and inconsistent. One group reports no astrogliosis seen in postmortem brains of persons with FXS (41) . However, an elevated number of activated astrocytes was observed in the cerebellum of Fmr1 KO mice (42) . Our results show no gross changes in volume or reactivity of cortical astrocytes, but we cannot exclude that subtle changes to the fine astrocyte processes or alterations in astrocytic signaling exist.
The overabundance of immature spines found in the cortex of both adult Fmr1 KO mice and human patients with FXS has traditionally been attributed to a defect in spine pruning (14) . Our longitudinal in vivo imaging results show that heightened spine density in adult global and astrocyte-specific FMRPdeficient mice is likely a consequence of accumulation of spines generated during adolescence. Furthermore, the increase in adult spine density is attributable to the overabundance of thin spines, for which the morphology resembles that of immature spines lacking functional synapses (43) . In hippocampal neurons cultured from Fmr1 KO mice, significantly fewer spines are juxtaposed to presynaptic terminals (44) . Attenuated connectivity, despite an overabundance of spines, may explain why neuronal circuits associated with motor learning do not function appropriately in FXS. Our work demonstrates that normal FMRP expression is indispensable in both neurons and astrocytes because restoration of FMRP expression in astrocytes alone failed to completely ameliorate the aberrant spine pathology and behavioral abnormalities ;mGFAP-Creassociated with FXS. Interestingly, loss of FMRP expression in either astrocytes alone or in all brain cells except the astrocytes engendered nearly identical spine and behavior phenotypes. This raises the intriguing notion that FMRP functions in a non-cell-autonomous manner to indirectly regulate spine dynamics by pathways paramount to neuronglia communication.
Several molecules involved in regulating neuron-glia interactions have been implicated in FXS, including the major glutamate transporter GLT-1 (19) , matrix metalloproteinase 9 (MMP-9) (45), and the astrocytic-secreted growth factor neurotrophin-3 (46) . Loss of function or overexpression of these molecules has been shown to affect spine pathology. A recent study showed that Fmr1 deletion in astrocytes in vivo reduced expression of the major glutamate transporter GLT-1, which normally functions to control extracellular synaptic glutamate levels (47) . Loss of GLT-1-mediated glutamate uptake elevated the level of extracellular glutamate and consequently increased the excitability of layer V pyramidal neurons (19, 47) . Because an increased local glutamate concentration may promote de novo spine growth (48), dysregulated glutamate homeostasis induced by the loss of FMRP in astrocytes may partially account for the increased spine formation observed in global and astrocyte-specific Fmr1 KO mice.
In addition, transgenic animals overexpressing MMP-9 display an increased density of immature spines and impaired social interaction similar to that of Fmr1 KO mice (45, 49) . Translation of MMP-9 mRNA at the synapse is normally repressed by FMRP (50) . Because MMP-9 is secreted by both neurons and glia (51) , it is possible that excessive amounts of MMP-9 are produced at the synaptic cleft, resulting in erroneous spine formation regardless of whether FMRP is absent in either neurons or astrocytes. The mechanisms by which astrocytic FMRP regulates astrocyte signaling and alters neuron-glia interactions remains unknown. Future molecular dissection of the function of FMRP in astrocytes, as well as the uncovering of mRNAs that FMRP translationally controls in astrocytes, will reveal its role in astrocytic regulation of spine dynamics and shed new light on FXS etiology.
